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ABSTRACT
Since Fanaroff & Riley (1974) reported the morphological and brightness dichotomy of
radiogalaxies, and it became clear that the symmetric emission from jets and counter-
jets in the centre-brightened, less powerful, FRI sources could be caused by jet de-
celeration, many works have addressed different mechanisms that could cause this
difference. Recent observational results seem to indicate that the deceleration must
be caused by the development of small-scale instabilities that force mixing at the jet
boundary. According to these results, the mixing layer expands and propagates down
to the jet axis along several kiloparsecs, until it covers the whole jet cross-section. Sev-
eral candidate mechanisms have been proposed as the initial trigger for the generation
of such mixing layer. However, the instabilities proposed so far do not fully manage to
explain the observations of FRI jets and/or require a triggering mechanism. Therefore,
there is not still a satisfactory explanation for the original cause of jet deceleration.
In this letter, I show that the penetration (and exit) of stars from jets could give the
adequate explanation by means of creating a jet-interstellar medium mixing layer that
expands across the jet.
Key words: Galaxies: active — Galaxies: jets — Hydrodynamics — Relativistic
processes
1 INTRODUCTION
Extragalactic jets originate in the surroundings of super-
massive black holes (SMBH) at the nuclei of active galax-
ies, and are probably generated by the extraction of rota-
tional energy from the SMBH (Blandford & Znajek 1977).
These astrophysical objects manage to propagate from those
compact regions to scales that are orders of magnitude
larger than the formation region. We know now that, de-
pending mainly on their power, but also on environmental
conditions, jets can have different large-scale morphologies.
Fanaroff & Riley (1974) established the well known bright-
ness and morphological dichotomy of radiogalaxies, with
brighter and edge-brightened type IIs (FRII) corresponding
to jets showing hotspots and lobes at large scales, and type Is
(FRI) corresponding to those showing weaker emission and
irregular, plumed structures. Later, Bicknell (1984, 1986a,b)
developed the paradigm of jet deceleration in FRIs: a mixing
layer developing from the jet-ambient medium contact sur-
face and mass-loading the flow down to the jet axis would
favour deceleration to transonic, sub-relativistic velocities,
and decollimation.
In Laing & Bridle (2014) (see also references therein),
the authors summarise the properties of a number of FRI
⋆ E-mail: manel.perucho@uv.es
jets derived from detailed observations and modelling, and
concluded that the deceleration process is strongly dissipa-
tive and that it develops from the jet boundary to its axis.
This result favours small-scale instabilities as the cause of
deceleration.
Among the proposed mechanisms to explain the
generation of a mixing layer, we find the development
of Kelvin-Helmholtz (KH) or current-driven (CD) in-
stability modes (Perucho et al. 2005, 2010; Rossi et al.
2008; Tchekhovskoy & Bromberg 2016; Massaglia et al.
2016; Millas, Keppens & Meliani 2017; Massaglia et al.
2019), or strong recollimation shocks (Perucho & Mart´ı
2007). However, neither signatures of long-wavelength,
disruptive instability modes, nor of strong recollimation
shocks are observed in FRI jets (e.g., Laing & Bridle
2014).1 Small-scale instabilities that produce mixing
layers can be associated to Kelvin-Helmholtz insta-
bilities in rotating flows (Meliani & Keppens 2007;
1 See, however, the development of a large-scale, helical struc-
ture well inside the radio jet of NGC 315 (Worrall et al. 2007)
-although the nature of this structure is unclear-, and the case
of M87, where the jet is decollimated beyond knot A, probably
disrupted by the growth of KH instability modes to nonlinear
amplitudes (e.g., Hardee & Eilek 2011)
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Meliani et al. 2008; Meliani & Keppens 2009), Rayleigh-
Taylor (Matsumoto & Masada 2013; Matsumoto et al.
2017; Toma et al. 2017), or centrifugal instabilities
(Gourgouliatos & Komissarov 2018a,b) developing in
expanding and recollimating jets. Despite the lack of ob-
servational signatures for strong recollimation shocks, such
instabilities could develop in expanding and smoothly recol-
limating outer jet layers, which is reported in Laing & Bridle
(2014). Still, a perturbing mechanism would be required to
trigger their growth. Moreover, the smooth recollimation of
the outer jet surface takes place after the entrainment has
already started (see Fig. 25 in Laing & Bridle 2014).
Mass-load by stellar winds was also proposed as a de-
celerating mechanism by Komissarov (1994), who showed
that the interaction between jets and stars could be treated
as a hydrodynamical problem and anticipated that low
power FRI jets (Lj ≤ 10
42 erg s−1) could be efficiently de-
celerated by a stellar population with winds of ÛMw ∼
10−12 M⊙ yr
−1. Later, Bowman et al. (1996) confirmed this
result by means of steady-state jet solutions. This result was
also tested by Perucho et al. (2014) using dynamical simu-
lations. Hubbard & Blackman (2006) also showed that pow-
erful enough stellar winds could decelerate low power jets.
Perucho et al. (2014) pointed out that such mass-load rates
would be an inefficient mechanism for jet deceleration in the
case of archetypical FRI jet powers, Lj ≃ 10
43 − 1044 erg s−1.
Furthermore, the mass-load by stellar winds would trans-
late into a homogeneous decelerating process, in contra-
diction with the reported boundary-to-axis deceleration in
Laing & Bridle (2014) for these powerful FRIs.
Altogether, the origin of the mixing layer that drives the
deceleration mechanism of large-scale FRI jets is unknown,
although it seems clear that the triggering mechanism for
the formation of this mixing, turbulent layer has to be nec-
essarily caused by small-scale perturbations that contribute
to jet deceleration via dissipative processes, such as shocks
and turbulent mass-load from the jet boundary. In this let-
ter, I propose, the penetration (exit) of stars in (from) jets as
a plausible scenario to trigger jet mixing with the interstel-
lar medium (ISM) and thus explain the observed properties
of decelerating jets, based on a collection of results already
published and basic calculations.
The letter is organized as follows: In Section 2, the
mechanism that triggers mixing is presented, whereas Sec-
tion 3 includes a discussion about this idea and its implica-
tions. Finally, in Section 4 I present the conclusions of this
work.
2 STAR PENETRATION AND EXIT AS THE
ORIGIN OF MIXING
2.1 Mixing scales in FRI jets
In the previous section I have reviewed a collection of results
that indicate the presence of a mixing layer surrounding FRI
jets in the inner kiloparsecs. This layer expands from the
boundary to the axis, from an axial distance of ∼ 100 pc
to several kiloparsecs from the active nucleus, as modelled
from VLA observations (Laing & Bridle 2002; Wang et al.
2009; Laing & Bridle 2014). The question is then what is
the mechanism that triggers the formation of such a mixing
region? Whatever this mechanism is, it has to be caused by
a small-scale (because it has been impossible to observe it
so far) and basically continuous (in order to produce the ob-
served large-scale structures) process. Taking into account
that different types of instabilities have been proposed, but
they do not seem to fit the observations, I study here the
possibility that stars penetrating and exiting the jet from
the jet base to ∼ 0.1 − 1 kpc can continuously perturb
the jet boundary and generate a mixing layer. Actually,
Perucho, Bosch-Ramon & Barkov (2017) have shown, via
three-dimensional numerical simulations, that the contact of
a star-wind system with the jet boundary produces a shock
wave that propagates upstream along the jet shear-layer,
and a conical shock that propagates downstream, through
the jet, with the expected Mach angle. Downstream of the
position of the star, a turbulent mixing region is developed,
which is formed, not only by shocked stellar wind, but also
by ambient gas, and widens the initial jet shear-layer (see
Figs. 3 and 5-8 in Perucho, Bosch-Ramon & Barkov 2017).
Strong dissipation is expected from this process, leading to
limb-brightening of the jet at the interaction locations.
Star interaction with the jet boundaries can be regarded
as a valid triggering mechanism as long as the time-scale of
star penetration or the time between interactions is short
enough compared to the dynamical time-scale of develop-
ment of the mixing layer, which is basically determined by
the time required for the layer to reach the jet axis.
Although there are no estimates of the velocities of
spreading of mixing layers in relativistic flows, De Young
(1993) suggested that, as in the case of classical flows, the
opening angle of the boundary layer is ∝
√
(ρISM/ρj)M
−1,
where M is the jet Mach number. Komissarov (1994) also
suggested that the turbulent layer formed between the
cometary tail of shocked stellar winds and shocked jet flow
in jet-star interactions would initially develop as M−1 (rel-
ativistic Mach number).2 The inverse dependence of layer
expansion with the Mach number implies that the mixing
region will expand faster (with larger opening angles) into
jets that are not dominated by the kinetic energy (rest-
mass density and velocity), as expected for relatively low
power FRI jets. In addition, Perucho et al. (2005, 2010)
studied the development of KH instability modes with var-
ious wavelengths in jets with different properties, via two
and three-dimensional simulations. The authors found that
the spreading rates of the mixing layer during the post-
linear growth of the modes follow theM−1 (relativistic Mach
number) trend, and the expansion velocities are in all cases
∼ 10−4 − 10−2 c. However, the jet-to-ambient density ratio
in those jets is probably large (ρj/ρa = 0.1) to be com-
pared with FRIs, in which this ratio is expected to be much
smaller (Laing & Bridle 2002; Perucho & Mart´ı 2007). Fi-
nally, according to the modelling of FRI jet deceleration by
Wang et al. (2009) (based on Laing & Bridle 2002, for the
jet in 3C 31), the layer crosses ∼ 100 pc along an axial dis-
tance of ∼ 3 kpc, which gives an angle with the jet axis of
∼ 2◦, and a ratio of the spreading rate to the jet velocity of
2 Note, however, that I suggest in this letter that stars act, not
only as a source of mass, but also, and principally, as a source of
perturbations at the jet boundary that enhance mixing between
the jet and the ISM gas.
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0.03 c. In this case, the time-scale of complete mixing would
be ∼ 104 yr.
In conclusion, the mixing scales are ∼ 104 yr and several
kiloparsecs. In the next subsection, I show that both the
temporal and the spatial scales of star penetration and exit
are much shorter than those global deceleration scales.
2.2 Interaction rates and scales
The number of stars entering (exiting) the jet per unit time
and distance, Np, can be approximated as
Np ∼ ns(z) vs(z)
Sj(z)
z
, (1)
where z is the axial cylindrical coordinate, Sj(z) ∼ πRj(z) z is
half of the conical jet surface (the one opposing the direction
of stellar rotation around the active nucleus, with Rj(z) the
jet radius), and ns(z) and vs(z) are the stellar number density
and rotation velocity in the considered region, respectively.
At parsec scales, we obtain:
Np ∼ 3 × 10
−4
(
ns(z)
1 pc−3
) (
vs(z)
107 cm s−1
) (
Rj(z)
1 pc
)
pc−1 yr−1. (2)
This means that if the stellar density is of the order
of 0.1 − 1 pc−3 (see, e.g., Araudo, Bosch-Ramon & Romero
2013; Vieyro, Torres-Alba` & Bosch-Ramon 2017;
Torres-Alba` & Bosch-Ramon 2019), and the jet radius
is ∼ 10 pc , there is one star penetrating (and exiting) the
jet every ∼ 3 × 102 − 103 yr per jet radius unit distance.
There is a relevant correction that needs to be made
to the estimate given above: stars do not penetrate (exit)
the jets instantaneously. The penetration time, tp, is given,
in the absence of a shear layer, by the size of the shocked
stellar wind bubble that surrounds the star in the interstel-
lar medium (ISM, 1014 − 1016 cm, depending on the type
of star, see, e.g., Perucho, Bosch-Ramon & Barkov 2017;
Torres-Alba` & Bosch-Ramon 2019) and the interaction re-
gion at the exit, once the bubble has been eroded as the
star crosses the jet (see Bosch-Ramon, Perucho & Barkov
2012). The size of the interaction region at equilibrium, Rint,
is given by the position at which the stellar wind and jet
linear momenta become equal (as measured from the stellar
centre, Komissarov 1994):
Rint = 2.14 × 10
12
(
ÛMw
10−11M⊙ yr−1
)1/2 (
vw
10km s−1
)1/2
×
(
Lj
1043erg s−1
)−1/2 (
vj
c
)−1/2 ( hj
c2
)1/2 ( Rj
1 pc
)
cm, (3)
where ÛMw and vw are the wind mass-loss and velocity, Lj is
the jet total power, vj is the jet velocity, and hj is its enthalpy
per unit mass. Therefore, tp ∼ 1−10
3 yr, for the given typical
rotation velocity, vs ∼ 10
7 cm s−1 (and texit ≤ 1 yr).
If we also take into account the presence of a shear-
layer surrounding the jet with a thickness of 1-10% of the jet
radius (with Rj ∼ 1−10 pc), as deduced from the transversal
structure inferred from observations and modelling (see, e.g.
Vega-Garc´ıa, Perucho & Lobanov 2019, for a recent study
on the quasar S5 0836+710 and Schulz et al., submitted, for
the case of 3C 111), the penetration (and exit) time of a
single star3 becomes of the order of 1017−18/107 s ∼ 103−4 yr,
i.e., longer than the penetration/exit rate (∼ 3× 102 − 103 yr
for Rj ∼ 10 pc, see above).
In conclusion, the penetration and exit of stars in the
jet might be a continuous phenomenon in time, with one star
continuously entering (exiting) the jet every 1-10 pc. There-
fore, the triggering of jet-ISM mixing by stars can be consid-
ered as a continuous process taking place in the inner jet re-
gions and developing along the typical, orders of magnitude
larger deceleration scales given by Laing & Bridle (2014),
i.e., 3-10 kpc.
3 DISCUSSION
3.1 The development of the mixing layer
In this section I discuss how the jet-ISM mixing layer could
be formed from the continuous crossing of the jet boundaries
by obstacles. The impact of stars at different azimuthal lo-
cations and the toroidal velocity of the jet shear-flow would
favour the spreading of the layer around the jet perimeter.
In this respect, it is reasonable to expect that the toroidal
velocity of expansion of the mixing layer is of the order of the
radial and axial velocities, i.e., 0.03 c (see previous Section).
Thus, the time needed by the mixing region to spread around
half of the jet surface is ≃ 30 π Rj, which gives ∼ 10
2 − 103 yr
for Rj = 1 − 10 pc (the expected jet radius at z ∼ 10 − 100 pc
for an opening angle of 0.1 rad). This time (computed for a
single interaction) is also shorter than the deceleration time-
scale. In addition, the interactions taking place at different
locations along the jet (i.e., in the jet flow direction) would
enhance turbulent mixing and deceleration at progressively
closer distances to the axis, as the mixing layer expands.
Moreover, the computed value of Np represents a lower
limit of obstacle-jet interaction rate per unit length, because
we have not taken into account clouds in the narrow-line re-
gion, which can enter the jet if dense or large enough. In
general, an obstacle will be able to enter the jet if the or-
bital velocity is larger than the sound speed in the shocked
obstacle (see, e.g., Bosch-Ramon, Perucho & Barkov 2012),
i.e., vo ≥ vsc, with vsc ∼ c
√
ρj γj/ρo, where c is the speed
of light, γj = 1/
√
1 − (vj/c)
2 is the jet Lorentz factor, and
ρj and ρo are the jet and obstacle densities in the reference
frame of the obstacle. This implies that dense enough clouds
within the narrow line region (i.e., up to 1 kpc) can penetrate
the jet, crossing the slowed down mixing layer, once it has
started to decelerate. Taking vo ≃ 10
7 cm s−1, this condition
requires ρj/ρo < 10
−7, for small Lorentz factors. Neverthe-
less, independently of whether the clouds penetrate or not
into the jet, they also certainly represent a perturbation of
the jet boundary.
In summary, stars and possibly clouds could trigger the
formation of a mixing layer and jet deceleration. In addi-
tion, mass-load by stellar winds can contribute to internal
deceleration as the stars cross the jet, depending on the jet
power and properties (Perucho et al. 2014, , Perucho et al.,
in preparation). Actually, progressive jet deceleration and
3 The penetration and exit times would be even longer for binary
or multiple systems.
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dissipation can explain that the surface separating the jet
and the mixing layer has a parabolic shape (peaked at the
point where it reaches the jet axis) in the modelling per-
formed by Wang et al. (2009), and also for some sources in
Laing & Bridle (2014), on the basis of the steepening of the
Mach angle due to both the decrease in jet velocity and
the increase in sound speed. The stellar winds could provide
such an internal, mild deceleration mechanism.
3.2 Possible coupling to small-scale instability
modes
Although the interactions are locally non-linear
(Perucho, Bosch-Ramon & Barkov 2017), if we con-
sider each of them as a linear perturbation to the whole jet
structure, they could couple to short-wavelength instability
modes while advected downstream, and be maintained by
subsequent interactions. In other words, the instability
would be fed by new stars entering and exiting the jet.
The expected wavelength generated by such an interac-
tion is of the order of the size of the obstacle, i.e., ≪ 1 pc,
for the sizes of the stellar bubbles and interaction regions
given above (from ≤ 0.1 pc at penetration to ≤ 10−4 pc for
high-mass stars or red giants at the exit). Note, however,
that the interaction with binary stars would produce larger
interaction regions. The different obstacles would thus pro-
duce a spectrum of small-scale perturbation wavelengths of
the boundary.
Altogether, these perturbations could trigger short
shear (Kelvin-Helmholtz) instability modes, which typically
show high growth-rates (see, e.g. Hardee 2000; Perucho et al.
2005, 2007), or Rayleigh-Taylor/centrifugal instability as the
jets expand (Matsumoto & Masada 2013; Matsumoto et al.
2017; Toma et al. 2017; Gourgouliatos & Komissarov
2018a,b). Nevertheless, the continuous process of star
penetration and exit could, by itself, generate the formation
of a turbulent mixing layer without needing to couple
to instability modes. This scenario should be tested by
numerical simulations, but one has to keep in mind that the
difference between the perturbation and the deceleration
scales is too large to be affordable in computational terms.
As a consequence, these tests remain out of the scope of
this work and should be left for the future.
3.3 Observability
The interactions described here should generate irregular-
ities in the jet boundary (knots and filaments), too small
in general to be directly observed: the value of Rint derived
above implies an angular size of ∼ 10−2 µas in the nearby ra-
diogalaxy M87, whereas the largest bubble sizes could rep-
resent ∼ 0.1 mas. This latter size is slightly below resolution
at 15-43 GHz, (Kovalev et al. 2007; Walker et al. 2018), and
about the one achieved at 86 GHz (Kim et al. 2018). How-
ever, the jet region observed at 86 GHz is ≤ 1 pc, making
the interaction with a massive star less probable at a given
time. Therefore, an increase of the resolution (to resolve the
interaction region) and sensitivity (to increase the observed
jet length and thus increase the probability of detection)
would be needed in order to observe one of the expected im-
prints of these interactions in nearby sources. Still, the limb
brightening and onset of a shear layer at parsec scales (see,
e.g., Mertens et al. 2016) could well be related to interac-
tions with stars and/or clouds (as it was suggested for the
knots in this same source by Blandford & Koenigl 1979).
As a consequence, only large-scale interaction regions,
as those produced by stars with high mass-loss rates, binary
systems and/or shocked-wind bubbles at the jet surface and
preferentially far from the nucleus (where the jet velocity
is smaller and the radius is larger, see Eq. 3) could be ob-
served as knots or bow structures, as it has been suggested
for the jet in Centaurus A (see, e.g., Worrall et al. 2008;
Goodger et al. 2010; Wykes et al. 2013; Mu¨ller et al. 2014).
Only the large-scale effect, namely a continuous, growing
boundary layer could be observed.
3.4 Brightness flaring
According to Laing & Bridle (2014), there is an apparently
discontinuous brightness flaring of FRI jets at different wave-
length ranges, before the main process of jet deceleration
starts. This happens at ∼ 1 kpc from the galactic nucleus,
and approximately where the jet is expanding with the
largest opening angle (geometrical flaring), coinciding with
the drop in ambient pressure. Their model results in half of
the sources showing an increase in brightness possibly as a
consequence of rapid jet expansion, as long as the emissivity
does not fall too fast, according to the authors. Within the
idea that this letter presents, this could be explained by the
increase of the number of stars in the jet when the fast ex-
pansion takes place: The total dissipated and radiated power
is proportional to the number of interactions taking place at
a given time, Nint ∝ ns(z)Vj ∝ ns(z) Rj(z)
2. In the flaring re-
gion, the jet radius grows with distance to the source with
an exponent, κ > 1 (in Laing & Bridle 2014, the authors use
a third order polynomial to fit the evolution of the jet ra-
dius in this region) so the dissipated energy will grow with
distance while the drop in ns(z) is shallower than 1/z
2 κ . The
sudden jet expansion can be caused by a combination of a
drop in the ambient pressure (as reported in that paper)
and an increase in jet pressure, also caused by dissipation
(e.g., Bowman et al. 1996; Perucho et al. 2014, Perucho et
al., in preparation). It is therefore reasonable to expect a
maximum in emissivity related to the dissipation produced
by jet-star interactions, which would result in the observed
jet brightening at distances ∼ 1 kpc (see Wykes et al. 2015;
Vieyro, Torres-Alba` & Bosch-Ramon 2017, for works on the
collective role of jet star interactions in jet brightness at high
energies)4. Farther downstream, the number of stars may
fall fast with distance to the galactic nucleus and brightness
be maintained by the enhanced turbulence and small-scale
shocks within the mixing layer and the jet cross-section.
Therefore, jet-star interactions can explain the brightness
flaring of FRI jets, by simple accumulation of embedded
stars in a region of fast jet expansion.
4 See also Rieger & Levinson (2018); Perucho (2019) for recent
reviews that include discussions on the radiative output of jet-
star interactions (and references therein)
MNRAS 000, 1–6 (2015)
Triggering mixing and deceleration in FRI jets 5
3.5 The FRII case
In the case of FRII jets, which are typically more powerful
than FRIs (see, e.g., Ghisellini & Celotti 2001), the role of
stars in the formation a developing a mixing layer is nec-
essarily weaker because of three main reasons: 1) there is
basically no internal deceleration by stellar winds (see, e.g.,
Perucho et al. 2014), so the development of a possible mixing
layer towards the jet axis would be much slower, 2) small-
scale instability modes in powerful jets could lead to the
growth of resonant KH modes that stabilize the jet spine
(Perucho et al. 2005, 2007), and 3) vsc (see Sect. 2.2) is much
larger in this case, which difficults that vo ≥ vsc), so that
smaller quantities of mass-load will be deposited inside the
jet, and the impact of obstacles will be minimized by erosion
as they penetrate the jet.
4 CONCLUSIONS
Summarising, the penetration and exit of stars in and out
from jets is a process that can account for the observed prop-
erties of jet deceleration in FRI radiogalaxies, by triggering
the formation of a turbulent jet-ISM mixing layer at the
jet surface that is continuously fed by ongoing interactions.
Therefore, the scenario proposed here could solve the prob-
lem of the lack of observational evidence for triggering mech-
anisms that result in the development of the mixing layer
that is demanded by the FRI evolution paradigm (Bicknell
1984) and models derived from observations (Laing & Bridle
2014). This solution is compatible with the lack of strong
recollimation shocks, edge-brightening at the inner regions,
geometrical and brightness flaring, and boundary-to-axis de-
celeration, as reported by Laing & Bridle (2014).
A quantitative approach to the idea presented here ob-
viously requires numerical simulations, owing to the non-
linear nature of the interactions and the generation of the
mixing layer. However, the different spatial scales of the jet-
star interaction as compared to the jet deceleration scales
will difficult the set up such simulations. Despite this dif-
ficulty, future work should be aimed to reproduce and test
the proposed scenario.
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